Abstract-There are some suitable methods for the measurement of ultra-short solitary electromagnetic pulses that can be generated by high power pulsed generators. The measurement methods properties have to correspond to the fact whether we want to measure pulses of voltage, current or free-space electromagnetic wave. The need for specific measurement methods occured by the development of high power microwave pulse generator [1]. Applicable methods are presented in this paper. The method utilizing Faraday's induction law allows the measurement of generated current. For the same purpose the magneto-optic method can be utilized, with its advantages. For measurement of output microwave pulse of the generator, the calorimetric method was designed and realized.
INTRODUCTION Fig. 1 . shows the basic principle of microwave pulsed power generator. It consists of three stages -the primary source of electrical energy, the pulsed power generator and the microwave pulsed power generator (load in the Fig. 1 ). The primary source supplies the pulsed power generator, which ensures the pulse current amplification. After transformation to the high voltage and pulse shaping (not shown in Fig. 1 ), the pulse is fed to the microwave pulsed power generator. The detailed description of pulsed power generation can be found in [2] . For example, the peak level of current pulse achieves the value of I p = 100 kA with the pulse duration t d = 70 µs typically in the second stage. After high voltage transformation and using pulse shaping element we can get voltage pulse with the peak value U p = 400 kV and with the rise time t r = 0,1 ns. Following microwave source (vircator [3] ) emits electromagnetic pulse (EMP). The characteristic of EMP is high power level (P max = 250 MW [1] ) and very short time duration (t p ∈ <1, 60> ns).
For the pulsed power generator evaluation is essential to obtain an idea about the qualitative and quantitative processes during the generator operation. Important measurement points are shown in Fig. 1 . Special requirements for measurement methods have to be considered because of the specific pulses properties. 
II. METHODS FOR PULSES IDENTIFICATION
The basic quantity is the current of the pulsed power generator. It is quite difficult to use the classical methods for current measurement (shunt) because of the high current level. The measurement of the induced magnetic field has been proposed, according to Faraday's induction law.
The most straightforward way for the voltage pulse measurement is the method using high voltage divider. It has been developed inductance-free high voltage divider. This divider is suitable for single shot application [4] .
The final product of the relativistic vircator effect [3] is the electromagnetic pulse, which can be guided in a cylindrical waveguide or emitted in to the free-space. However, it was not possible to use microwave probe or antenna for first vircator test. The frequency range and the mode distribution were unknown. The calorimetric measurement method was proposed for the vircator tests. We can't get the pulse waveform using the calorimetric method. On the other side, it allows physically correct power and energy measurement. The power of the EMP is the crucial parameter, which gives an idea about vircator optimal design.
A. Method based on Faraday's induction law
Current measurement method is based on the application of Faraday's induction law where the pulse is located by sensor (coil with N s = 1÷50 turns). The signal induced in the coil is led to the recording device, generally an oscilloscope. Due to safety requirements, the distance between the sensor and the oscilloscope is l = 50 m. This parameter introduces quality decrease of the recorded information in the way of the signal amplitude reduction, change of the signal phase and the pulse prolongation.
The elimination of this limitation is in Method I, depicted in Fig. 2 ., made by backward correction exploiting the Laplace transform. Pulses up to limit pulse length T max = 1 ns were measured by this method and magnetic flux φ was evaluated [1] . Fig. 3 . shows installation of the sensor coils on the generator prototype by its test. Coils are of Rogowski type and they are connected via coaxial cable to the recording device. The example of the current pulse waveform obtained by the first experiments with coil sensor is shown in Fig. 4 .
B. Method based on magne/elctro tooptic effect
The second method presented -the magnetooptic method uses the Faraday's magnetooptic effect as a sensor principle. The sensor utilizing the magnetooptic method is in development. The connection between the sensor and the measuring device is implemented in the optical wavelength as shown in Fig. 2 . 
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C. Calorimetric methods
The above mentioned methods indicate the electromagnetic parts of the wave -electric or magnetic. They don't express the power conditions of the electromagnetic wave. For some of the measurement it is essential to evaluate power flow through the defined area.
The group of calorimetric methods represents another type of converter to be introduced. We can measure power supplied by pulse (Poynting´s vector when we use the calorimetric converter. The sensor is connected to the measuring device (oscilloscope) by an coaxial cable of l = 50 m length. Fig. 5 . depicts four versions of the method utilizing calorimetric measurement.
Version I discussed in [6] , [7] has a sensor in the form of an ideal resistor and enables measurement of the maximum value of microwave power P max . The analyzed peak voltage corresponds to peak value of power P max . For available measuring devices we can measure pulses with the limit length T max = 50 ps.
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Measuring device Version II scans the change of resistance of the sensor, created by an evaporated thin layer, in dependence on the pulse energy. For available measuring devices we can reach the accuracy of 30 % up to impulse limit length T max = 0.1 ns.
Version III is based on the measurement of the temperature change of the thermistor placed in contact with the layer. Under the same conditions as for the previous version we can reach the accuracy improvement of an order of magnitude.
Version IV is the bridge connection of version III. Several thermistors are attached in series to the evaporated layer; then, three resistors create a DC bridge of Weston type with the thermistors. The change of resistance in the thermistor arm is evaluated. The voltage in the measuring bridge diagonal is consequently integrated. Thus, the value of the pulse energy is obtained (and recorded by the measuring device). For available measuring devices we can measure pulses with the limit length T max = 0.03 ns with accuracy to 10 %.
III. REALIZATION OF THE CALORIMETRIC SENSOR
Pursuant to the results obtained by numerical analysis, the calorimetric sensor was built. The prototype of the sensor was designed for the measurement of vircator with output power of P max = 250 MW, length of pulse t p ∈<10, 60> ns. Vircator is a pulse high-energy source of microwave energy based on the virtual cathode effect; its experimental construction is shown in Fig. 6.and Fig.7 . shows the waveform of vircator's anode current by initiation.
The concept was designed after consultation [8] for the supposed power and pulse length with room for absorption and damping of the possible back EMG wave.
A. Free-space combined calorimetric sensor
For the measurement of free-space vircator EMP, the new combined calorimetric sensor was built. The sensor operation is based on version I and version IV of the calorimetric method in Fig. 5 . The radiation pattern of the Horn-type antenna in dB is shown in Fig. 9 The sensor was calibrated with an RF generator in an semi-anechoic room in VTUPV Vyškov. The calibration was performed for microwave pulses with defined duration and power level, with the frequencies f =3, 4, 5, and 6 GHz. The power level and pulse duration relation were set for emitted energy F test ∈ <0,1; 10> J. Due to safety requirements, the connection between the sensor and the measuring device was ensured by means of coaxial cable of the minimum length l min = 10 m.
The combined calorimetric sensor was used for the measurement of vircator-emitted EMP. The supply of the vircator was provided by pulse high-voltage source powered by Marx bank. When the vircator is in the operational mode, hard RTG emission is generated in addition to the microwave emission. The energy of the electron beam is W b = 1 MeV. Therefore, safety requirements equal to those mentioned above have to be considered.
The waveform of the measured small microwave power is in Fig. 10 . The peak value of the vircator-emitted EMP reached P max = 50 kW in this experiment. However, vircator is able to emit EMP with peak value of hundreds of MW when supplied with pulsed power generators. 
IV. CONCLUSION
The overview of several methods suitable for the measurement of short solitary pulses with high power level was given. The characteristics of the designed method were discussed. Some methods were experimentally tested and evaluated. A combined calorimetric sensor for free-space measurement was built and the functionality of the calorimetric sensor was proved by real measurement of vircator-emitted EMP.
